Purpose To review the current literature regarding the role of vitamin D status in pregnancy outcomes in women undergoing assisted reproductive technology (ART) and to assess cost-effectiveness of routine vitamin D deficiency screening and repletion prior to initiation of ART.
Introduction

Physiology of vitamin D
The term vitamin D refers to a group of structurally related, fat-soluble secosteroids that are classically known for calcium-phosphate and bone metabolism. In humans, two key vitamin D compounds are ergocalciferol (D 2 ) and cholecalciferol (D 3 ). D 3 is acquired either by dietary intake (fatty fish, egg yolks, and milk) or by endogenous cutaneous synthesis that requires sunlight exposure. Plants produce D 2 through the irradiation of ergosterol. Regardless of its starting Capsule Vitamin D has been shown to play important roles in reproduction and vitamin D deficiency is a prevalent condition. A systematic review of vitamin D and ART outcomes yielded five studies that reported ART outcomes improved after vitamin D repletion, two studies found no association, and one study reported a negative association. Currently, Level I evidence is insufficient and a recommendation for routine vitamin D screening and supplementation prior to ART cannot be supported. There is a pressing need for additional studies of vitamin D replacement in this clinical scenario.
form, previtamin D undergoes hydroxylation to 25-hydroxyvitamin D (25(OH)D) by 25-hydroxylase, a cytochrome P450-dependent enzyme (Fig. 1 ). The expression of these enzymes determines the cellular responsiveness of target cells to circulating levels of 25(OH)D. These enzymes are predominantly found in the liver, though they have also been identified in a various other tissues. The final transformation occurs mainly in the kidneys, where 1α-hydroxylase converts 25(OH)D to 1,25-dihydroxyvitamin D (1,25(OH) 2 D). This molecule, called calcitriol, is the active vitamin D metabolite [1] . Vitamin D modulates intracellular activity through the binding of 1, 25(OH) 2 D to the vitamin D receptor (VDR), a nuclear receptor. Given that vitamin D is endogenously produced in the skin and travels to various tissue targets to activate gene expression, it is classically a hormone with myriad effects. Vitamin D is involved in various non-classical roles in physiologic processes including cell growth, tumorigenesis, hypertension, cardiovascular disease, and autoimmune conditions [2] , with mounting evidence that it plays an important role in human reproduction.
Epidemiology of vitamin D deficiency
Several epidemiological studies underscore the widespread prevalence of vitamin D deficiency and insufficiency in the United States and worldwide. Mitchell et al. [3] reported the incidence of vitamin D deficiency (defined as <20 ng/mL) in reproductive age females to be 31 %. Data from the National Health and Nutrition Examination Surveys (NHANES) [4] found that risk varied between racial and ethnic groups, with non-Hispanic blacks demonstrating a higher prevalence of vitamin D deficiency and inadequacy as compared to their white counterparts. These findings were echoed by Forrest et al. [5] , who found that blacks had the highest rate of vitamin D deficiency (82.1 %), followed by Hispanics (69.2 %). Despite its prevalence, universal screening for vitamin D deficiency has not been promoted due to the high cost of serum assays. As such, screening has been reserved only for patients at high risk for deficiency [6] .
Recommendations for vitamin D intake
Due to its stability, serum 25(OH)D concentration is viewed as the best indicator of vitamin D status. Although there is a lack of consensus on the particular serum level of vitamin D that is considered adequate, >30 ng/mL typically is regarded as sufficient, levels <20 ng/mL are considered deficient, and 21-29 ng/mL is regarded as insufficient [7] . Values exceeding >100 ng/mL are associated with vitamin D toxicity [7] . According to both the 2010 Institute of Medicine (IOM) guidelines [8] and the 2011 Endocrine Society guidelines [7] , the average recommended daily allowance (RDA) of vitamin D for individuals 1-70 years of age is 600 IU. Both sets of guidelines recommend this same dose in women who are pregnant or lactating, and in their 2011 practice guidelines, the American College of Obstetrics and Gynecology (ACOG) expressed their agreement [9] . For women with vitamin D deficiency or insufficiency, the Endocrine Society recommends 50,000 IU/week for a total of 8 weeks followed by maintenance therapy of between 1500 and 2000 IU/day to achieve a serum vitamin D level of >30 ng/mL [7] .
Vitamin D in reproduction
Male reproduction
Several studies set out to evaluate the association between hypovitaminosis D and reproduction in the male. Early studies revealed decreased spermatogenesis and fertility rates in vitamin D deficient rats compared to their replete male counterparts [10] . Further animal studies corroborated these findings by demonstrating VDR expression in target organs of the male Fig. 1 Synthesis of vitamin D and its effects on reproduction and pregnancy. D3 cholecalciferol, GDM gestational diabetes, PCOS polycystic ovarian syndrome, SAB spontaneous abortion, VDR vitamin D receptor reproductive tract; namely, the testis, epididymis, prostate, and seminal vesicles [11] [12] [13] , as well as in human sperm [14, 15] . Results have been mixed with respect to VDR expression and semen quality. In vitro studies showed that VDR induction mediated increased intracytoplasmic calcium in spermatozoa, resulting in increased motility and concomitant induction of the acrosomal reaction in capacitated sperm [16] . Furthermore, expression of VDR and CYP24A1 (a cytochrome P450 hydroxylase enzyme) in the annulus of sperm have been linked to all semen parameters, with higher expression of CYP24A1 associated with increased sperm motility in fertile compared to subfertile men [17] . However, two separate cross-sectional studies performed 1 year later failed to show a significant association between low serum vitamin D levels and poor semen quality [18, 19] .
Pregnancy loss
Recent studies demonstrate a link between vitamin D deficiency and pregnancy loss which is possibly mediated by effector CD4+ T helper (Th) cellular responses in the innate (Th1) and adaptive (Th2) immune systems. Vitamin D is postulated to enhance the Th2 response by elevating interleukin (IL)-4, IL-5, and IL-13 and inhibiting the Th1 response of IL-1, IL-2, interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α). As a micronutrient, it is considered a modifiable factor that is thought to aid implantation by inhibiting the Th1 activation of natural killer (NK) cells by inhibiting the production of IFN-γ [20] .
In a retrospective cross sectional study of 133 women diagnosed with recurrent pregnancy loss, Ota et al. [21] reported that 63 out of 133 women (47.4 %) had hypovitaminosis D (less than 30 ng/ml) and that NK cell levels and NK cytotoxicity at effector to target cell (E:T) ratio of 25:1 were significantly higher in the low vitamin D group when compared with subjects with normal vitamin D levels. In addition, in vitro NK cytotoxicity assays demonstrated significant suppression at an E:T ratio of 50:1 when treated with Vitamin D compared to the control group, demonstrating evidence that low Vitamin D may be associated with increased NK cell activity in women with recurrent pregnancy loss. Additionally, in a retrospective cohort study of 115 women with antiphospholipid syndrome (APS), median vitamin D levels in APS patients were significantly lower compared to healthy volunteers (n=128), although the authors report possible confounding factors related to provider recommendation of increased sunscreen use in the APS cohort [22] . Tavakoli et al. [23] reported similar cytokine profiles and vitamin D expression of whole endometrial cells obtained from women with unexplained recurrent pregnancy loss (n=8) compared to age matched controls (n=8), although the authors do not address the limitations of the small sample size. A recent study evaluated the effect of vitamin D treatment with and without low molecular weight heparin on an antiphospholipid antibody-induced inflammatory response of human first trimester trophoblast (HTR8) and primary trophoblast cell lines [24] . This study reported a decrease in the inflammatory response with vitamin D treatment by measurement of IL-8 [24] . Also of note, vitamin D has been associated with increased risk of preeclampsia [25] , infants that are small for gestational age (SGA) [26] [27] [28] [29] , cesarean section [30] , and gestational diabetes (GDM) [31] .
Endometriosis
Given the presence of VDR in the endometrium as well as the role of vitamin D in immune regulation, a connection has been proposed between vitamin D status and endometriosis-a disease thought to be caused by aberrant immune and inflammatory responses [32] . A study by Agic et al. [33] showed that women with endometriosis overexpressed endometrial VDR and 1α-hydroxylase. Although serum levels of vitamin D did not differ between cases and controls, this study may lend credence to the theory that individuals with endometriosis have immune hypersensitivity to even normal levels of vitamin D. However, another study demonstrated a significantly increased risk of endometriosis at higher serum levels of vitamin D, with even higher levels measured in women with advanced disease [34] . Attempts to identify VDR polymorphisms associated with endometriosis have thus far been unsuccessful.
Polycystic ovarian syndrome
Women with polycystic ovarian syndrome (PCOS) commonly present with insulin resistance and obesity [35] . Interestingly, there is increasing evidence that vitamin D affects insulin and glucose metabolism [36] [37] [38] [39] , and although the exact pathophysiology remains somewhat elusive, several studies have examined this association. A number of studies have demonstrated an increase in serum parathyroid hormone (PTH) when vitamin D levels are low [40] [41] [42] . This increase is suspected to be involved in glucose metabolism and decreased insulin sensitivity. Other studies suggest that vitamin D stimulates the expression of insulin receptors, which in turn augments insulin responsiveness for glucose transport [43, 44] . Another important consideration is that the vitamin D/VDR complex regulates over 300 genes, including genes involved in glucose metabolism [45] .
Given the substantial body of evidence supporting a link between vitamin D status and insulin/glucose metabolism, several authors have examined vitamin D status in PCOS patients. While some studies reported lower levels of vitamin D in women with PCOS [46, 47] , other studies suggested that levels are comparable [48] or even higher compared to women with PCOS [49] . Several studies have reported an inverse relationship between body mass index (BMI) and vitamin D levels in PCOS patients [50] [51] [52] . Considering that vitamin D is a fat soluble hormone, vitamin D sequestration in adipose tissue could explain the increased rates of vitamin D deficiency in women with PCOS [34] . An alternative theory suggests that obese individuals spend less time outdoors exposed to the sun, and consequently have insufficient cutaneous vitamin D biosynthesis [53] .
Wehr et al. [46] identified polymorphisms in the VDR gene associated with vitamin D levels in PCOS women, suggesting a role of vitamin D in the pathogenesis of PCOS. In a recent systematic review of 275 publications reporting on the effects of advanced glycation end products (AGEs) on female reproduction, Merhi [54] concluded that AGEs might contribute to the etiology of PCOS and infertility. AGEs, which are modified proteins, lipids, or nucleic acids that are nonenzymatically glycated and oxidized by glucose, damage cellular structures and have been implicated in a number of diseases [55] . Research has demonstrated a strong association between the AGE-RAGE (receptor for AGEs) system and certain aspects of PCOS, including obesity [56] , insulin resistance [57] [58], granulosa cell dysfunction [59] , and adipocyte dysfunction [60] . In their studies using a human granulosa cell line, Diamanti-Kandarakis et al. [61] have shown that the AGE-RAGE system could be the cause of the ovulation failure commonly seen in PCOS. In particular, the investigators demonstrated that AGEs interfere with the action of luteinizing hormone. This interference impairs normal follicle development and the initiation of ovulation [61] .
Vitamin D and female infertility
Studies in female rodents have yielded comparable results to those in males. As in male rats, VDR has been isolated from the female reproductive organs-including the ovaries, fallopian tubes, and endometrium of the uterus [12] -thereby affirming its potential role as a genomic regulator of reproduction. In VDR null mice, uterine hypoplasia, impaired folliculogenesis, and infertility have been noted [62, 63] . One study demonstrated a decline in fertility rates by as much as 75 % in vitamin D deficient female rats, as reflected in decreased litter size [64] .
Given this apparent association between vitamin D deficiency and infertility, it is not surprising that a number of studies have examined the effects of vitamin D status on pregnancy rates. In particular, there has been a recent focus on the effects of vitamin D deficiency on assisted reproductive technology (ART) outcomes. Examining women undergoing ART is an ideal scenario in which to study pregnancy outcomes given the short time-to-pregnancy, which allows for rapid determination of a successful intervention. If the link between vitamin D status and ART outcomes is strengthened, it is very possible that vitamin D supplementation could improve ART outcomes. This systematic review focuses on the current literature regarding the consequences of vitamin D deficiency on ART outcomes, and by means of a cost-benefit analysis, seeks to answer the question: should vitamin D be routinely screened and subsequently repleted in women undergoing infertility treatment?
Materials and methods
Search strategy and selection criteria
A systematic PubMed search was performed for all available, full-text, English articles published from inception of PubMed to August 11, 2014 in accordance with the Preferred Outcome Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines [65] . The following key words were used for the search: "vitamin D," "cholecalciferol," "ergocalciferol," "calcidiol," "calcitriol," "25-hydroxyvitamin D," "25-hydroxycholecalciferol," "1,25-dihydroxyvitamin D," "1,25-cholecalciferol," "assisted reproduction," "assisted reproductive technology," "in vitro fertilization," and "IVF." Thirtyfour articles were identified. Studies were selected if they measured serum and/or follicular fluid (FF) vitamin D levels prior to ART cycles and if they provided outcome data of interest (implantation rates, fertilization rates, clinical pregnancy (CP) rates, and/or live birth rates). Review articles, studies that did not focus on infertile women utilizing ART, and studies that lacked measured vitamin D levels (serum or FF) or outcomes of interest were excluded. Only eight of the 34 articles retrieved from PubMed met criteria (Fig. 2 ) [66] [67] [68] [69] [70] [71] [72] [73] . Reference lists of chosen studies and narrative reviews were cross-referenced to find additional studies. Additionally, an online Google search of the terms "vitamin D" and "IVF" was performed. No further studies were Fig. 2 Flow diagram of study selection rendered in this manner. A systematic review was subsequently conducted. Currently, data were insufficient to perform a meta-analysis given the absence of published data from RCTs. All substantive data were extracted and distilled systematically into table format.
Cost-benefit analysis
A decision tree mathematical model was devised to compare the cost of a single ART cycle when the subject was either: a) tested, found to have a deficient vitamin D level, and was not repleted ("No treatment" strategy) or, b) the subject was tested, found to have a deficient vitamin D level and was repleted to normal levels before the ART cycle ("Treatment" strategy) (Fig. 3) . A societal perspective was employed and only estimated direct costs were considered. Vitamin D deficiency was defined as <20 ng/mL in accordance with the Endocrine Society guidelines [7] , and also consistent with the definition utilized by the majority the trials included in this review [67] [68] [69] [70] [71] [72] . The study by Polyzos et al. [73] was selected for utilization of clinical pregnancy and ongoing pregnancy rates for mathematical modeling secondary to reporting the largest cohort, recency of publication and attempting to control for embryo quality and quantity by including single blastocyst ART cycles only. CP rates in vitamin D deficient versus vitamin D not deficient women undergoing ART were 41 and 54 %, respectively and ongoing pregnancy rates (utilizing live birth rates reported) of 35 and 48 % respectively. The model assumed that everyone who was screened and found to be deficient was treated with supplementation. Adherence to supplementation, effectiveness of supplementation, and lack of adverse effects (albeit rare) from supplementation was assumed. Additionally, all deficient patients were supplemented equally, regardless of degree of deficiency or patient characteristics (e.g. age, sex, BMI, race, comorbidities, etc.). The prevalence of vitamin D deficiency in US reproductive age females undergoing ART (65 %) was derived from Polyzos et al. [73] as well as previously described by Mitchell et al. [3] (31 %).
Direct medical costs for the model were retrieved from a variety of sources. All costs were adjusted to 2014 US dollars (USD) according to the Consumer Price Index (CPI) [74] . Indirect costs, such as lost wages from missed work during ART treatments, were not taken into account. The cost of a single serum vitamin D assay (2014 US $52.53) was determined from published reimbursement schedules provided by the 2014 Centers for Medicare and Medicaid Services [75] . We estimated that an individual would be tested an average of three times during the course of her treatment-the initial screening, after completing repletion therapy, and an additional test if the patient had either not been adequately repleted initially or to confirm vitamin D sufficiency during her ART treatment. Thus, the total estimated cost of testing was $158 (2014 USD). As discussed previously, the Endocrine Society recommends repletion with 50,000 IU per week for 8 weeks to achieve a serum vitamin D level of >30 ng/mL, followed by a maintenance dose of 2000 IU per day. Based on the average cost from 20 nearby pharmacies [76] , the cost of vitamin D supplementation was determined to be $0.029 per 1000 IU. The cost for the initial 8 weeks was thus is estimated to be $11.63 (2014 USD). Assuming that one ART cycle extends for 6 weeks, the cost of maintenance for this period is approximately $2.44.
The cost of a single ART cycle, based on the most recent published data (2006 US $12,513) [77] , equated to $14,794 in 2014 USD. After adjusting for CPI, the published cost of a SAB (2006 US $1,500) was $1,831 [78] . All costs hereafter were corrected to 2014 USD. The total cost for the no treatment strategy (single ART cycle plus an initial vitamin D screen) was calculated to be $14,847. The total estimated cost for the treatment strategy (single ART cycle with initial vitamin D screening, repletion following a result indicating deficiency, and retesting twice to confirm replete levels) was $14, 967. One-way sensitivity analyses were performed over a range of pregnancy rates and costs to compare a vitamin D tested and treated single blastocyst fresh cycle versus a vitamin D tested and not treated single blastocyst fresh cycle. Ranges were selected broadly to cover the maximum possible range, based on data obtained from individual clinics as well as published United States averages.
Cost per ongoing pregnancy was estimated for each strategy using a data driven mathematical decision tree probability model based on the inputs described. Sensitivity analyses were performed varying the ongoing pregnancy rates for the vitamin D treatment group over the range 25-95 % to cover all potential rates while holding the ongoing pregnancy rate for the not treated group at 35 %. A sensitivity analysis was also performed varying the cost of vitamin D treatment and single ART cycle from $17,000 to $28,000 while setting the cost for a non-treated cycle at $14,847.
Results
Systematic review on effects of vitamin D on ART outcomes
The main characteristics and relevant findings of the eight studies that examined that impact of vitamin D status on ART outcomes are summarized in Table 1 . Ozkan et al. [69] were the first to report a positive correlation between vitamin D levels and IVF outcomes. In their prospective cohort study, women achieving CP demonstrated significantly higher FF vitamin D levels compared to women who did not achieve CP (34.42 ng/mL±15.58 versus 25.62 ng/mL±10.53, p=0.013). Interestingly, they reported that each ng/mL increase in FF vitamin D corresponded to a 7 % increase in CP rate (p= 0.013). When vitamin D status was evaluated by tertiles, a significant increase in implantation and CP rates was observed across the tertiles (p=0.041 and p=0.029, respectively). Furthermore, patients in the highest tertile were nearly four times more likely to achieve CP than those in the lowest tertile (OR 3.83, 95 % 1.20-12.28, p=0.024). Ozkan et al. did not observe a difference between vitamin D concentration and ovarian reserve or ovarian response parameters (e.g. age or follicle stimulating hormone levels, duration of controlled ovarian stimulation, number of follicles, number of eggs retrieved, or maximal estradiol levels). This finding, considered in the setting of improved implantation and CP rates, corroborates the theory that vitamin D exerts its effects mainly through endometrial pathways.
Garbedian et al. [72] confirmed these findings in their study of a group of infertile Canadian women who subsequently underwent oocyte retrieval. Women who were vitamin D deficient were grouped together with those who were vitamin D insufficient, due to an inadequate sample size in the deficient group (1.2 and 53.8 %, respectively). Women with sufficient vitamin D levels had significantly higher rates of CP per ART cycle than women with insufficient/deficient levels (52.5 % versus 34.7 %, p<0.001). Vitamin D status was determined to be an independent predictor of CP even after adjusting for age, BMI, and date of embryo transfer in a logistic regression analysis. Implantation rates were also higher in the sufficient group, though this finding did not reach statistical significance (34.5 % versus 25.6 %, p=0.06).
In the largest and most recent study, Polyzos et al. [73] sought to determine the effect that vitamin D deficiency has on pregnancy rates among women undergoing IVF/ICSI (intracytoplasmic sperm injection) with Day 5 single embryo transfer (SET). In their study, serum vitamin D concentrations were measured retrospectively in 368 infertile women who underwent SET on Day 5. The authors of this study attempted to improve upon earlier research by limiting their study only to women undergoing IVF/ICSI and Day 5 SET. Whereas this study utilized a single embryo transfer policy, previous studies employed no such policy, with patients receiving up to four embryos per transfer. As the authors point out, this could be a potential confounding factor in the previous studies. Another strength of their study design was including only women who reached the Day 5 embryo transfer stage. Doing so hypothetically eliminated patients with poor embryo quality, effectively minimizing any biases stemming from oocyte/embryo quality. The major limitation of this study was the absence of any data regarding maternal vitamin D levels until delivery and any potential vitamin D intake throughout the pregnancy.
Unlike the previously discussed studies, Polyzos and colleagues [73] only divided women into two divisions: vitamin D deficient (<20 nL/mg) and not vitamin D deficient (≥20 nL/ mg). Overall, 46 % of patients achieved CP. CP rates were significantly lower in vitamin D deficient women compared to their non-deficient counterparts (41 % versus 54 %, p=0.015). Additionally, a logistic regression analysis was performed to control for 16 potential confounding factors. The results of the regression revealed that vitamin D deficiency was independently associated with lower CP rates (OR 0.61, 95 % 0.39-0.95, p=0.030). Similar to the suggestions made by Ozkan et al. [69] , Polyzos et al. postulate that this finding might be due to a deleterious effect on endometrial receptivity.
Unlike the previously discussed studies, Aleyasin et al. [67] found no relationship between serum vitamin D concentration and fertilization, implantation, or pregnancy rates in their study of 82 Iranian women. Similar to Ozkan et al. [69] , subjects were evaluated by tertiles according to vitamin D level [67] . Interestingly, the fertilization rates in all tertiles were exceptionally high (79.0, 67.8, and 68.3 %, from lowest to highest tertiles). Although there was an upward trend of implantation rates with increasing tertiles of FF vitamin D, no significant linear association was demonstrated (9.6, 13, and 15.9 %, p=0.791). Likewise, FF vitamin D levels were related to neither fertilization rates (p=0.274) nor chemical/clinical/ ongoing pregnancies (p=0.959, 0.995, and 0.604, respectively) across tertiles. When logistic regression analysis was applied, FF vitamin D levels were not shown to be an independent predictor of CP. While the small sample size and largely vitamin D deficient population in this study [67] make it difficult to draw any solid conclusions, the high fertilization rates demonstrated in this population suggests that vitamin D stores may not be a player in infertility.
A study conducted by Firouzabadi et al. [66] supported these findings. This prospective cohort study of 180 infertile Iranian women again demonstrated no significant association between serum or FF vitamin D levels and CP rates. Overall, [66] also examined embryo quality between deficient, insufficient, and sufficient groups, and found no significant difference (p =0.372). They attributed their null findings to an inadequate sample size. Additionally, their participants were overwhelmingly vitamin D insufficient or deficient, mirroring findings by Aleyasin et al. [67] in a similar population. In a retrospective study, Rudick et al. (2012) [70] examined 188 infertile women, and found no association between vitamin D status and fertilization rates. However, when broken down by race, increased serum vitamin D levels were related to higher implantation (p=0.01), CP (p=0.01), and live birth (p=0.01) rates among non-Hispanic white women across vitamin D tertiles. Similar to Ozkan et al. [69] , Rudick and colleagues did not observe an association between ovarian stimulation parameters or embryo scores and vitamin D levels, suggesting that vitamin D modulates its effects on fertility through the endometrium.
A follow-up study examining the relationship between recipient vitamin D levels and pregnancy rates in donorrecipient ART cycles was subsequently performed to test this hypothesis [71] . In that study, Rudick et al. [71] found no significant differences between vitamin D levels and ovarian stimulation parameters, fertilization rates, embryo quality markers, or number of embryos transferred. CP rates decreased with worsening vitamin D status, from 74 % in replete recipients to 35 % in recipients who were vitamin D deficient (p=0.002). After adjusting for potential confounders (including donor/recipient age, recipient BMI, parity, infertility diagnosis, stimulation protocol/ parameters, season of transfer, number of embryos transferred, and markers of embryo quality), significant improvements in CP rates were only seen in repleted individuals (78 % in replete versus 37 % in insufficient/deficient groups, p=0.004). This association was also observed in adjusted live birth rates (p = 0.04). Implantation rates were not examined in this study. Rudick et al. [71] surmised that since there was no significant difference seen in pregnancy rates between vitamin D insufficient versus deficient groups, there was a "threshold effect" whereby effective IVF outcomes were associated with replete status as opposed to lower concentrations. However, since this study did not focus on donor characteristics, it is possible that some of these unmeasured parameters may have affected the results presented in that study.
As was posited in studies of nondonor IVF patients by Ozkan et al. [69] , Polyzos et al. [73] and the previous Rudick et al. [70] publication, this study indicates that the effects of vitamin D are likely at the level of the endometrium. While these previous studies in nondonor IVF patients were mostly speculative in this regard, by using the oocyte donorrecipient model, Rudick et al. [71] directly evaluated the role of the endometrium and its impact on implantation, and is consistent with the postulate that vitamin D modulates NK cell activity. In addition, VDR expression has been demonstrated in the endometrium [12] and up-regulation of HOXA10-a protein essential for embryo implantation and fertility-has been demonstrated following administration of vitamin D. Furthermore, experiments in mice have shown diminished implantation in association with reduced maternal HOXA10 expression [79] . Taken collectively, these findings strongly suggest that vitamin D signaling contributes to successful embryo implantation.
Perhaps the most surprising findings were those by Anifandis et al. [68] , which suggested a detrimental effect of increasing FF vitamin D levels on IVF outcomes in their study of 101 infertile Greek women undergoing IVF-ICSI ovarian stimulation cycles. Women with replete FF vitamin D status had lower CP rates per embryo transfer (40, 38.1, and 15.8 %, respectively, p<0.05) and poorer embryo quality (mean score of embryo quality 5.6±3.6 vs 7.02±2.5 and 7.96±2.6 respectively, p<0.05) as compared to women with insufficient or deficient levels. Furthermore, FF vitamin D levels were negatively correlated with embryo quality (r=−0.27, p<0.05). FF glucose levels were also measured, as the authors hypothesized that glucose provides an essential substrate for oocyte energy production, which may influence IVF outcomes. As serum vitamin D concentrations increased, FF glucose levels declined (r=−0.25, p<0.05). Anifandis et al. theorized that vitamin D may have a physiological effect on insulin and glucose metabolism in a manner that has not yet been elucidated, and that perhaps this interaction decreases the availability of glucose to the oocyte. This suggestion that the effect of vitamin D occurs at the level of the oocyte opposes the findings of Polyzos et al. [73] , Ozkan et al. [69] , and Rudick et al. [70, 71] . which suggested a deleterious effect of vitamin D deficiency on endometrial receptivity.
Vitamin D deficiency prevalence
All eight of the cohort studies reported the prevalence of vitamin D deficiency amongst their participants, as is depicted in Table 1 . However, only six of these categorized serum vitamin D levels according to the ranges set forth by the Endocrine Society [67] [68] [69] [70] [71] [72] (vitamin D deficiency <20 ng/ml, insufficiency 20-30 ng/ml, and replete >30 ng/ml). When the prevalence of each category reported by each of these six studies were weighted for sample size and subsequently averaged, 27.7 % were vitamin D deficient, 38.4 % were insufficient, and 33.8 % were replete. This overall prevalence of vitamin D deficiency was slightly lower than what has been reported for the general population of childbearing age women in the US (31 %) [3] . As Vanni et al. [80] reported, a lower prevalence of vitamin D deficiency is to be expected in a population of women seeking IVF, as these women tend to have higher socioeconomic status as well as education level, both of which are factors associated with higher vitamin D levels. Garbedian et al. [72] suggested that the low number of vitamin D deficient women reported in their study (1.2 %) was due to increased usage of daily prenatal vitamins. However, a majority of their participants (55 %) did not meet criteria for vitamin D repletion despite supplementation. 
Vitamin D and patient demographics
Most of the included studies analyzed a number of patient demographics for significant differences across groups of vitamin D status. However, the findings were inconsistent and contradictory. According to Rudick et al. [70] , women categorized as vitamin D deficient were significantly younger than those not deficient (p=0.03). However, none of the other studies corroborated this finding [67, 68, 72, 73] . Of the seven studies that reported data on BMI, four found no significant association with vitamin D status [67, 68, 71, 73] . In their most recent study, Rudick et al. [71] found that when serum vitamin D levels were used as a continuous variable, there was an inverse relationship with weight, though no significance was achieved (p=0.20). In their first study, however, Rudick et al. [70] reported that vitamin D deficient women were significantly heavier (p=0.03). Of note, all participants in this study had BMI values within the normal range. Similarly, Garbedian et al. [72] found that BMI was significantly higher (p=0.02) in women with vitamin D insufficiency/deficiency (24.8) as compared to their replete counterparts (23.3), and Ozkan et al. [69] noted a significant inverse correlation between FF vitamin D levels and BMI (r=−0.25, p=0.035).
Four studies examined the effects of race with regard to vitamin D concentrations and cycle parameters [69] [70] [71] [72] . Garbedian et al. [72] did not find a significant association between vitamin D status and race (p=0.3). Ozkan et al. [69] reported that black patients had lower FF vitamin D levels than nonblack patients (18.88±8.5 ng/mL versus 30.51± 12.95 ng/mL, p=0.001). This finding of lower vitamin D levels in blacks is consistent with previous findings in a noninfertile population [5] . The first Rudick et al. [70] study reported Hispanic whites as having significantly lower serum vitamin D levels than Asians or non-Hispanic whites (p= 0.01). In their second study, however, [71] they reported lower vitamin D levels among Asians and African-Americans compared to Hispanic or non-Hispanic whites (p=0.02). Previous studies reported that Asian women have lower success rates with IVF treatment [81, 82] . Studies published by Gleicher et al. [83, 84] have pointed to diminished ovarian function among Asian women, which may contribute to poorer IVF outcomes.
Only three studies reported any findings on comorbid conditions amongst patients. Aleyasin et al. [67] reported that PCOS affected 20.6 % of participants, though serum and FF vitamin D levels did not differ significantly between PCOS and non-PCOS patients (p=0.938 and 0.158, respectively). Ozkan et al. [69] noted lower levels of FF vitamin D levels among women with PCOS and diminished ovarian reserve (DOR) as compared to other diagnosed infertility etiologies. However, these findings did not reach statistical significance (p>0.05). Rudick et al. [70] found that women deficient in vitamin D were significantly less likely to have a diagnosis of DOR (p=0.01).
Cost-benefit analysis
The cost per ongoing pregnancy of an untreated, vitamin D deficient ART cycle was estimated to be $42,734 compared to a cost per ongoing pregnancy of $31,410 of a tested and repleted vitamin D ART cycle (2014 USD). After adjusting for a population with a vitamin D deficiency prevalence of 65 % [73] , the average cost per OPR was $38,771, while adjusting for a population with a vitamin D deficiency prevalence of 31 % [3] was $34,920. Sensitivity analyses demonstrated that, if the ongoing pregnancy rate (OPR) of a single not-treated vitamin D deficient cycle was set at 35 %, then a vitamin D treated cycle was cost-effective when the OPR achieved by ART was 38 % or greater (Fig. 4) . If the OPRs for treated and not-treated cycles are set at the national averages reported in the literature and the cost for a not-treated cycle was set at $14,847, then a treated approach was costeffective when the cost of a treated cycle was less than $20, 500 (Fig. 5) . These data suggest that since a sizeable proportion of ART clinics in the US offer services at less than $20, 500 per cycle with an OPR of approximately 38 %, in the majority of cases there might be substantially decreased costs for patients with vitamin D assessment and treatment.
A caveat and notable limitation of our cost-benefit analysis is that current evidence regarding vitamin D replacement in the setting of ART is based on limited information. We used the study by Polyzos et al. [73] for modeling the analysis, because it represented the largest cohort, was recently published, and controlled for embryo quality by including single blastocyst ART cycles only. Consequently, our analysis depends greatly on that sole report. However, the strength of the effects of vitamin D deficiency upon pregnancy outcomes at ART is not conclusively proven. Ideally, a cost-benefit analysis would be informed by several studies and a clear consensus of evidence; a situation that does not presently exist for vitamin D and ART. Nonetheless, our analysis underscores the pressing need for additional outcome data, given the potential beneficial effect of replacement in this clinical scenario.
Conclusion
Current data regarding vitamin D status and ART outcomes are conflicting, but the majority of studies support replacement of vitamin D in deficient patients. The inconsistencies between studies are likely attributable to multiple confounding variables and insufficient sample size, and highlight the need for randomized controlled trials (RCTs). At the time of this review, there is an ongoing RCT examining the effects of vitamin D status on ART outcomes [85] ; however, no data have been published. Furthermore, future research must examine the benefits of supplementation in different populations, as our review revealed differences across races, BMIs, and ages.
Given the absence of Level I evidence regarding vitamin D supplementation, full endorsement of routine vitamin D screening and supplementation prior to ART cannot be made at this time. Nevertheless, the high prevalence of vitamin D deficiency, the beneficial non-classical role of vitamin D in human reproduction, and the increasing use of screening by primary care physicians during routine annual visits, all provide support for screening and supplementation in ART. Other key motivations for ART practices to consider is that the majority of studies detailed in this review report decreased pregnancy outcomes with vitamin D deficiency and amelioration of deficient vitamin D levels is safe, accessible, and inexpensive. Cost-benefit analysis for a single ART cycle involving fresh single blastocyst embryo transfer suggests that screening and supplementing vitamin D prior to ART might significantly decrease societal cost per ongoing pregnancy by implementing a simple intervention, if the magnitude of the observed effect was confirmed in future studies.
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